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HYPOLAYR, a Computer Program for Determining Hypocenters of
Local Earthquakes in an Earth Consisting of Uniform Flat
. Layers over a Half Space
by
J. P, Eaton
National Center for Earthquake Researcn

U.S. Geological Survey, Menlo Park, California

INTRODUCT{ON

HYPOLAYR was designad Tc determine hypccenters of local
earthquakes recorgsac at ciose range on a dense ciuster of seismographs,
primafily on The basis of first P-wave arrivais. A first estimate
of the hypocenter (from subroutine PREHY) is adjusted by Geiger's
meThod so as to minimize The sum of The squares of the resiauais of
observed arrival times with respect to those computed from an earth
mogel consisting of flat-lying constant velocity layers (from subroutine
TRVORV). Adjustment (by subroutine HYCOR) is conitinued unT.i & set
ot adequacy criteria are met, or until an iteration iimit is exceseded.
Inrd:vidual arrivals are WQIQhTed in this adjustment according To two
tactors: quality or clarity of the P-wave arrival, and epicentrai
distance of the station (for later adjusfmenfs); I f ampli?ude; periog,
ana calipration data are available; the bnogram computes two.magnitudes
for the earthquake, one from The'P—phase and the other frcm the maximum,

X, phase (oy subroutine MAGNTD).



The program is set up for batch processing of earthquakes.
Station parameters (location, elevation, delay, model), model parameters
(depths to boundaries and layer velocities), and control parameters
are first read in, and some preliminary calculationsaare carried out.-
Data for the first earthquake (arrival times, amplitudes, periods,
~ calibrations) are then read ln; and ifs hypocenter and magnitude are
computed and. the results printed out. Additional ear?ﬁquakes are
located one at a time until The batch is completed. A variety (or
combination) of solution modes (free solution, depth restricted,
origin time restricted) can be called by an instruction card that is
required To initiate exscution of each hypocenter determination.

An optionai stafistical summary of arrival Time and magnitude
residuals at individual stations can be caiied by a controi parameter.
HYPOLAYR contains a number of special features that should be

noted: |

I. The traveltime and derivatives of the direct refracted wave
are computed without recourse To interpolation between tabulated
precalculated reference curves; so the earth model can be changed °
without difficuity. Thus, any earth model consisting of not more Than
24 ilat-lying constant velocity layers, velocity increasing from
iayer to layer downward, can be used--it simply is read in along with
the station locations, etc., at the time of execufion;

| 2. For the specific circumstance in which a group of earthquakes
occurs along a known boundary between differing crustal structure
provinces (e.g., afTershScks along the San Andreas fauit), two earth

models can be read in and individual stations can be assigned to The



model appropriate for the side of the fault on which they lie. Lateral
refraction induced by the juxtaposition of the two structures is
neglecfed; This option should bé Qsed with caution.

3. The program is designed to perﬁif locations to be calculated
for events recorded on any number of stations from 3 to 98. |f only
three stations record the event, the depth or origin time must be
specified (depth assigned or origin time computed from S-P data) so
that the number of variables does not exceed the number of equations.

4. Several solution modes (free, depth restricted, origin
time Tixed by S-P) can be calied by the variable INST on tThe

-"execution" card at The end of an event "phase" deck.

5. The usual condition under which solutions cannot be obtained
(other than due To gross errors) is that in which the epicenter lies
far outsiae of the ciuster of seismographs. in this case, the nexT
best estimate of the earthquake's point or origin is calculated:
the azimuth to the source and the apparent velocity of the P-wave
across *he cluster.

HYPOLAYR makes only limited use of S-phase data. Under the
"origin-time-restrained" option, the origin Time is set equal to
that computed from available S-P data. S-wave arrival times are‘nof
used aiong with P-wave data in adjusting the hypocenter.

In this write-dp of HYPOLAYR, the mathematical bases of the
principal secflong of the program will be ouflined; Also included
are several appendices that will be heipful to anyone wishing to use
fﬁe program: §~

|. annotated |isting of HYPOLAYR and subroutines.



2. block diagrams (simplified flow charts) of HYPOLAYR and
subroutines.

3. list and definition of variables used in HYPOLAYR and
subroutines.

4. annotated listT and explanation of input parameters and the
role they play in the control and use of the program.

5; description of the outputT op?ions; together with a iisting

of the output "blocks" and an explanation of the variabies printed.



Least-Squares Adjustment of an Initial Approximate

" 'Hypocenter by Geiger's Method

Defiaifiéns;
Xo,"fﬂ, 7o, are the cartesian grid coordinates of the hypocenter,
Z, 1s the origin Time of the event
XL, (Z‘h ,%¢ are grid coordinates of station i

’7‘2 is the observed first P-wave arrival time at station i
—_—r—

2
[

is the computed traveltime of the first P-wave

arrival to station |

'{’:5 Is the computed P-wave arrival time at station |
'f':i = .éo + 7-2 (,)
[+ =77 =777 is the arrival time anomaiy at station i. (2)
C =1 T e

ng is a function of the hypocentrai parameters
Xo, 4o, F,+T, and we can express the change
in £; due to small changes in these parameters

by a Taylor's expansion

A Lo s .a""
: ov, [ el ' “L 1’ N
o, s :1‘“-::"“(0"3': e FEmr ST, t— T (o)
=¥5 “to ; Yo Il To

If we had only four stations, we could set  F.+dF =0
(or 5 = dt; =0) at each station and calculatedx, ;d;o;a »AdZs s
and :Zﬁc which would result in zero anomalies at all stations. With
more than four stations such a solution cannot, in general, be found.
Rather any adjustment of ¥, , L(’f? » 2, » and 4o designed to reduce the

arrival-time anomalies results in "residuals" at at least some stations.
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Py : Y B e — ’::' -,
Thus, we can write for station i, s ;/;’¢ T e o, o
Fo—die =20 - (4),

where F, . is the arrival time anomaly we wish to eliminate, ci; is the

change in calculated arrival time resulting from adjustment ¢fX, ,duo ,

—

dz2,, and di, , and F’é is the residual arrival-time anomaly after

the adjustment. From (3) and (4), we have

- . Deim s / -
Seoy L . Ot ., L CTtl 2l o —F = —F; (5)
= UXo = do T dio —— AT I =z
2Xs - V o HTo
A\
1 4 \ .
- Ty
Since £ = T¢(Xo 0020, tto
’ . -~ . —~ ~_ SN T ~ _
B:L Bf{. C'Tou e ST - BJL oot s N
= 35y, )Y AL =T == T =-.y = =1
DNo DXo 3o S8 e Zo S
N

Thus
i oTE T = )
< dXo T2 dy, + 2Zo -f-d‘éo“‘fr:‘::.‘"l:c: \/é/)
L) a/’ J:Z)

Y

For convenience in writing, let

- -~

S T2 "T ~ ——
v ie - ool ., gy
- [ .

0 Xo | ) 2‘;!0

W62, ) dya= Y dza= Y,

t)
Then equation (6) ! becomes

)

|
m
Q
N

TN /L""“Y{; Yo +Vy—F;
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Following Geiger, let us calculate the adjustments Va In our over-

”~
-—

= is a minimum.

.
’
-

determined system so that 2.

To have 2; Egs a minimum, we must have
> [ 7
E LAY p— -
—_— = . il
\‘r, izl—-tf O
’:.-LL:, -
or g -, (8)
=, - ) ‘
— 2y = ) 7= ) H
(=1 ¢
from (73
T e = » ~—. -
Sz el ’ai"-—f-’.’ 2E: R E
A Y2 SR sl Oty
: - 3 T /,J (9

From equations (8) and (9),

~

o:.,5::+c<i5,~+oc353+,..+ccn5”; o for.-| , efc. (10)

To assign weights LU to the individual stations we can modify equation

(105 to

o e, B = o = -
.: / /75%?(1~L+AU:30C3C3+"‘+MOCm[:n:‘/) (n

4 fo'r' F= /) e’i"&.
Expanding equation gi'l), we have (for J =1)
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¢
2y 0 . - ::' N » M \ hY . - =
L""L‘*ﬁ ] Y ‘@‘] R e b Ay
= \

Summing columns and employing the summing conventlion for repeated
indices, we can write the foregoing equation for j = | (and analogous

equations for j = 2, 3, and 4) as follows:

! ,r “l' \/ I"' LY —\\ T
/«W‘_ C’»(C‘_‘J >§ TL!./{/J.C'«C’ L:_l’ I/; T; -)chxg“fc‘:/ r//,3 ‘f“i//(}. C[ ‘( /{.«L 1/(/'/ VCL; v{/ ~0

;j >/2. ,},_{x/;-ag '\{f'/'/ +//JJL€'L{ yu-‘//J—;'uc'E’—]:O /
(12)

-l

r 7 AN f“. ' 0—7 N, = AL = \ r -
$= el v QL] e ey Y _/«07:] Yy—jwre Fij =0
¢ =, N '

. < r —

A= 2ol Aea ™ @Vili iy, Azs= 2% L Arem i e
~ . f— r - ; :‘ . “']T ‘ "‘ 7 (}i’f‘)

Asi=ia; ool Asa=a0eY; i)y Ass = wre G, A= e

A=l o7 =7 - r ) - -

T G P /'\P%L"g'_’w'il PR A'ff’i ’;i:-’/)'gy‘_;) Aq-—/ =[]

and

_[,w"o( /—1_[ B,= Z.ur(«’ F.], By= )M}",_Y‘F?) By=lez F

L= ,f/ N



Then equations (12) can be written as:

[ ad —
P ——— H - 7 —

,: . N NS v
DA Az VR i /a; ; 23/3
; . b e (13) -
o & Y / PN o
PRt Ao Hez o fadld /2.5... ‘ ulg —_ - —
,: ‘ L4 ‘-—-(' 2' /q A \/—— 2
Pooa “~= ] ’ g -\:) g) )F /‘—‘\ /.__‘;/
;A Az A 33 As’—} 2 >31 {. U
| < i ‘ [
i e o /“ <
%_A*—n Auz Auz Az ;__7'-,:__} Lﬁe{é
. - : -
Finally
Y = A B (14)

~

vieiding the compopenfs of the solution vector Y (:ngiﬂz‘fﬁ)ﬁﬁq or

Axs  dvo dz, dits) B

N
!

that should result in ¢ EESL being minimized.

The procedure outiined above Is strictly valid oniy if the
corrections are small and if ail of the derivatives (Eﬁit ) @‘;) ‘r-}f}°>
are continuous in the region containing the original and corrected
nypocenters. In fact, we shall apply‘fhe method To & laysred medium
(hence, one with discontinuities), and wé shail initiate the ggarch
for a hypocenfef from a very approgimafe firsT es?imafe; We shall assume
that a single aﬁprfcafion of the method will yield an improved (if not
accurate) hypocenter, and we shall except repeated adjustments To
converge on the actual hypocenter. Readjustment will be continued until
tThe average residual;,mean deviation of the residuals; and change (from
one adjustment to the nei?) in mean deviation of the residuals all
vecome smaller than prescribed test values; or unti! the number of

iterations e;ceeds a prescribed limit.



Under certain conditions, the normal equations (13) from which we

seek to determine hypocentral adjustments, /. , fail to be linearly

-~

on
independent. One such condition occurs when ¢ ‘/;)19 becomes the same

(or very nearly the same) at all stations: V. [dio) and /. (42,

are then linearly dependent. Adjustment can proceed only if -f:’o or Z,
is held constant during the ad,jusTmeﬁf, causing one variable and one
equation in '(13) To disappear. Another indeterminate case occurs when
the focus is ou‘l‘sid:e ofl.The ciuster and the ratio of oT 2 Ko
to BT/D%},@ approaches the same vaiue at ail stations. In this
case restriction of ‘Z‘:> usuaily has already been required as per the
condition described( above, and an adjustment can be computed only if
fa is also specified or its acijusfmenf blocked-~leading to further
d‘egeneracy of the normal equations.

Normaliy, 2, is less strongly determined by the data than the
other parameters, and its adjusfmen'l; req'uires special consideration
and controt. .Therefore, a strategy restricting adjustment of-Z, until
the epicenter has been fairly well estabiished has been included in
the program. Furthermore, the range in values of aT/a;o calculated
prior o each adjustment is tested, and adjustment of %, Is blocked
if this range is smaller than a preécribed value (i'.e;; it effective
depth control has been lost). Finally, negative focalﬂ d'ep'!'hs are
inadmissable physically; .;,o each computed adjustment to 2, is tested
prior To application of the hypocen‘rr_al adjustments. |f the computed
adjustment in Z, would.result in the focus eme.rgi'nQ above the surface;
the 2, adjustment is scaled dowq so that the focus moves only a fraction

(6/10) of the distance to the surface, and the other adj'usi'menfs are

[0



scaled down somewhat less severely (to not less than 4/10 of the
"~ computed values).

If the epicenter recedes from the cluster so that the nearest
station is farther than a.prescribed distance or if the normal equations
(even with the automatic restrictions) become indeterminate, the search
for a hypocenter is terminated; and the apparent velocity and azimuth
of approach of a plane wave that would ekpiain The observed arrival-
time differences across the cluster are calculated as an alternate
solution (subroutine VELAZ).

Further restrictions on the adjustment of hypocenfrai parameters
can be cailed info play by the control variable INST { Z, fixed,-

fa fixed); and even it a free solution is specified(by INST = 0), 2, is
automatically resfricfed T0 reduce the numberxof normal equations if only

three stations are available.



Solution of “the ‘Normal ‘Equations ‘for “the

‘ ‘Hv}‘ipocenfral Corrections

I. Free solution for V(?‘ Y2y, \""71;'5 \/(uJ dXo, a'uo ,dze, dto

l. Calcula‘fe 'rhe mafrax of cofactors, [C(M,Nﬂ , of 'i'he mafrxx
of the cosfficients of the unknowns in the normall qua‘hons, [A ,,w* )}
2. Calculate DETA, the deterninant of [A (I1,J)] :

DETA:/\(),))¢C(I)I)+A(2,I>%C( )+A(3,:)*c(3)1, + Al ,,z,%(i( )

3. Solve for Y(), 7(2), Y“) ,. and ‘/(4) by Cramer's rule:

V(1) = '(Bu);»cq,z + B(2) %0(2,T) + 3(,)+C(w,4)+gm)"‘(4 Ij)/DET/
=54

4. Calcula're the elements of the principal diagonal of the

. O

- .
inverse ma‘l'rix of coefficients of the normal equation unknowns,[A(I, J)J:f

-] . , .
AlLD) = C(n1) /DETA  I=4

These elements are needed .in the évalgaﬂon of the errérs in the
computed corrections, ) (I ) .

il. Restricted solution: Y(3)=0 (dzo=0). This
“esTrxc‘hon e! iminatesone of the normal equations and amounts to striking .
_out all quantities in equation (i3) that have "3" in the subscript.

For convenience, define auxiliary variables- to simplif\) the

expressions for the solution of +the 3x3 normal equations:



A

,"\ B

AZI =AM DFACH) —ALD) X ACHA
A2 = Al //H»—fw) — A (1) FALH)

H= ALY %f*:*-?—A-':'z)z) #44)

. X 'y "', :V\v
;-\u;;_ = A(ﬁ.)})%\-ﬁx{g’«:)—f\c!;?/ FAlh)

>

SETA= AU)/)%A | + A(l AL + A1) # A

Then, solving the 3x3 norma | equations for the corrections 5/(2:))

YUy = (B %Al +B(2)#AZ] +B(4) % A%]) / DETA
Yi2) = (Bl #* A2 +B(2)#A22+B(%)*A4r) / DETA
JYU3) =0

V(4) = (BU)XAIH + Blr) % Ary + B xAud) /DETA

The moduli of the elements of the principal diagonal of the

inverse matrix of coefficients of normal equation unknowns can be
written:  Aspx = | All /DETA]
ASDY = | Az2/DETA|
ASDZ =] b% avrbitn rary. ¢ codimition
ASDT =|Awy /DETA]
13



l11. Restricted solution: Y(#)=0 (dt°0), This restriction
el Iminates one of the normal equations and amounts to sfrik{né out
all quantities in equation (IB)'Théf have "4" in the subscript.

For convenience, define auxi i fary varlables To simpllfy the

expressions for the soluf:on ot the 3x3 normal equaflons

All = Al2,2) % Al3,3) = A3, 2) % A(2)3)
Al =A3)) % Al2,3) — Al 1+ Al3,3)
Als = A)» A L) — A1) = A(2,2)
AL S ABLFALL3) — AL #A33)
Az2= AlLD=A(33) — AlRD* Ali)3)
A23 = AGD#ALL) — AULD ¥ A(32)
Azl =A2)#A(2)3) “/\(?—)2—\“‘/4 (h3)
A2 = Al *A3) = AlLD*A(R3)
A33 = AL *A(Z2) —ARD+A(L2)
CETA = AU +A)] —:LA(;L)])*-'Az). +A(31) *A3]

%



Then, solving the 3x3 normal equations for the corrections VY (1):

Y() = (BUYRAI B2 ALl + B3I #AZl ) / DETA
Y (2)= (B »AIZ+B(2)# A22+ B(3) #A32) /DETA
Y (3) = (BO)#AI3TE (2% A2+ BI3#A33) /DETA

7y =0

The moduli of the elements of the principal diagonal of the

Inverse matrix of coefficients of the normal equation unknowns can

-be written:

AsDX = | AN/ DETA]|

ASDY =) A22/ DETA|
A5D251A33/DETA}

ASDT = [ bv a*rbli-va."mj a{é-f-mxfwm'

V. Restricted solution: Y(3)=0, ¥(4)=0. These restrictions

eliminate two of the normal equations and strike out all quantities In

equation (I13) that have "3" or "4" in the subscript.

Soiving the 2x2 normal equations for the correctlons Y (1),
Y1) = (BU)#Al2,2) = B(z) # Al1,2)) / DETA
Y2y =('A(L1)*B(2) = Alz,1) % B(1) / DETA

o

7(3) 0
DET A= Alhl)*Al22)= Aln1)*All,2)

' and Y (4}) -0 where

‘ ;‘5'



The moduli of the principal diagonals of the inverse matrix of
the ma'rrl; of coefficients of normal equation unknowns can be

written:

ASDX=|A(22) /DETA]
ASDY=|-Al,)) /DETA]

ASDZ =}vo , tfor convenience.
ASDT = /. O , for convenience.

16



Miscel laneous Computational Routines

Calculat io.n‘ of Epicentral Distances

Richter's method for calculating short distances is used to
determine epicentral distances (in km). Let (po)>\° and @{:) 7{4'
be latitude (N) and-!qngl'l'ude (W) of the epicenter and station i,
respecﬂvely; Let QR be the number of kilometers per minute of
latitude and PP be the number of kilometers per minute of longitude
at tatitude (®*9)/2 | Then the distance of station | from the

epicenter is approximately:

| 2 | | 2. 7
A = \1[60.046?}7* (A;—A,)] 4-[60:0 »QQ* (D~ @o)]

where A¢ Ao, @; v Qo are in degrees and A; Is In kilometers.

8 Q and = PP . where 0= (PL-+47°) vary only slowly with latitude;
PPP( = g= LLE ) vary only y ;

so appropriate values of 8@ andPPP (obtained from Richter's "Elementary

Seismology") for the location of the seismograph network are read in

as parameters.

The azimuth of station | from the epicenter can be obtained from

the equation: ,
tan A% = PP%(i-Ae) |
| QQ*(@C*(Oo) :

The proper range of the argument AZ‘: (between 0 and 360°) can be
ascertained by considering the signs of the numerator and denominator in

the foregoing equation.

‘Calculation of Km-Grid Coordinates

In subroutines PREHY and VELAZ It Is convenient fo express the

" locations of stations (and prel iminary hypocenter in PREHY) In carj‘esiah

17



coordinates. 'For this purpose portions of the Richter short-distance

calculations are used.. .The km~grid coordinates of station | are: -

XHg = 0-0%PH>*(Ai=)v) km wes? of Cpf‘,l'r?
Y‘.H(‘ :’6000,{&&*(0‘:’(003 Kwm novth of’ @f‘)k"?"

where (.01-,),. are coordinates of an arbitrary point in the region of

the network chosen as a "reducing" latitude and longitude and PH= ?PP#COS(PMM.
(p“eaw\ is the laﬂ'rude of the earliest station. _

The azimuth of station | from the earliest station (station "near")

. can be obtalined from

tan &, = _>E‘”‘: — XHnear
' YH(.' - YHnea.—r

where the appropriate interval for & (between ) and 360°) can be

deduced from the signs of the numerator and denominator.

Selection of Special Stations for Initial Estimate of Hypocenter or

"P|ane-Wave" Solution

Both the main program and the VELAZ subroutine require an initial
approximate solution from which to proceed by successive adjus‘hn_enfs
to a final soluﬂc;n. If the initlial estimate is very poor, the
adjustment routines are prone to fail; so It is desirable to obtain
reliable first es‘l,fimafes. Because the ine‘thods used to calculate these
esﬂma?es Involve ia;acf soluﬂons for only three or four stations (with
an oversimplified imodel in PREHY), success depends on a good choice of

this limlfed set T s‘taﬂons.

g



Some of the elements affecting the selection of stations are:

I. Early stations tend to have clearer; more certain, arrivals
than late (more distant) ones.

2, Computations based on stations clustered too closely together
or lying along or near a straight line tend to be strongly affected by
.sqall errors in arrival time. |

The procedure actually employed is as follows:

I. The stations with P-wave arrival weights greater than 0.3 are
ordered in terms of increasing arrival time from the first to the
~ KOLT'th. KOLT is a parameter on the input Vist.

2._ The stations lying farthest toward the right and farthest
toward the left of the line joln{pg the first and the KOLT'th station
are identified. |

Sa; In PREHY the flrsf; KOLT'th, and the two stations identified
under 2 above are the stations selected for the determination of the
preliminary hypocenter. I[f only three stations are available; they
are the ones that are used. - |

" 3b. In VELAZ the firé?;KOLT'fh,and the station farthest from -

the line {under 2 above) are selected as the three stations for the

calculaffon of the lnifial plane-wave solution.

19



“Calculation of the Preliminary Hypocenter

(Subroutine ‘PREHY)

Our earth model' will consist of a uniform half. space with constant
P-wave velocity V. A km-grid-cartesian coordinate system will be used
b

to specify poslﬂon.l Hypocentral paramefers are X, ,W,, Z, » the

Iocaﬂon, and ¢, , ;l'he origin ﬂme. S'raﬂon parameters are X¢, ‘j.., )

the location; and ’BJ , ¢, and (s-—p)‘ , the P- and S-wave arrival ﬂmes

and the S-P interval; T (=F:~%o) , the P traveltime; and D
the hypocentral di sfa nce.
Our fundamental equation (Pythagoras) is T;*V = D¢
We shall consider three cases as follows:
a. Four stations available.
Eliminate Z, by differencing station equations pair by pair
and noting that Z;"Zf' < . Solve the resulting three equations

for .Xo)léo , and £, . Substitute XD) o and £, in the "near"

station equation and solve for 20 . If 2, is less than /2 the epicentral

distance of the near statlion, set 2-0‘-'_ ZTR «

b. Three stations, with at least one measured S-P interval available.

Eliminate Zz, by differencing the 'fhree equations pair by pair
and solve the resuiting two equations for X} and %o in terms of T, ,
: 'rhe P-wave traveltime to station 1 (the nearest s?aﬂon). Compute the

origln 'Hme from avallable S-P data:
2[?-—[.37(5-?)] wllence. T;-"-Pa‘to .

Subsﬂfu're T, ln'fo fhe equations for X. and Y, (in terms of T, )
to evaluate ¥, and '&o o Set Z2,=ZTR .

{

10
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c. Three stations, without S-P data to establish Z, .

Proceed as under b to evaluate X, and l?,, in terms of 7, .
Substitute X, (T.j and ‘*Jo(T:) and 2,=27R into the original |
station | equaﬂo:i and solve the resulting quadratic for 7, . Substitute |
the two roots, suécesslvely; Into the quadratic and select the one that "
satisfles it. ijhe "residual® ( AT; %8BT, +C ) is less than 0.00i, -
use that root for!T{ I f no‘r,. transfer to the routine that p!aces
the hypocenter at|the eat;l lest s’fa’fion..» |

a; Four sfaTlons.

The fundamental equations for station | through 4 are

e )""’[(%“do)l*(zlfzo)z =v*(B-%,)"

2 (x"‘x").z';-(% "'7’)" + (.z;z’zo)zz' v* (Pz"to) z

3 | (x s—xo')‘% (73—70) ‘f(za—zo)‘—.z v"(é,—fo)Z-
4 (Xdq=-%Xo)* + (Yua4o)™ f(24";2o)i= V%(ﬁf-i;o}L
By deﬂnmén to=P =T, : It is easy to show that ‘
(-to)*=(P~to)* =27(P,-P) +(Pu-P))*

(?3 "to)z' “‘(Pl ~ts)* =2T, (Ps"?l)"‘(?;-?:)"
-_(p'# ,‘to.)z'—(?.—to)" =_g;r" (Rr'ﬂ) +{(P4-P)2

. For simplicity, let
-y (N X
T;: = X{ + ?,‘, +Z

Subtracting equation (1) from equations (2), (3), and (4), we.have

2|



B0 Ko FR U Vo w2 (2220 2 L = 1 VTR R+ o]
L(X;-X;)Xa 4’1(%\‘5 ‘j—)‘?o—f-'L(Z; ')Zo—n—r V’L[Q*T(%“?>+(P3JP)LJ

L(XQ‘XI)Xa +2-(7q"‘3! Yo t ?.(Zq.‘b)?a :’V‘H,—'V,‘ —AV [ﬂ.T;(‘P»'—P,)-;.(?*_B)ﬂ ,

Since Z.-2, 2 0 2’3"2)—\.0 +24-2,"’0 the terms
in Z, can be neglec'l'ed

Thus,
: (Xz.-x.)x(,+(7f«;,)«ao+(i’ RV, ..-[-r, = VE(RP )]
(Xa=x)X, + bas—e;)70+(1’3 P.)v y [*G-h Y (Pa"Py)]
(X4- x.)x.-r(';n-';:)b;o-/-(ﬂ—ﬂ)v T= [n "fﬁ - VB-R) ]
Set | |
Q= (X, x.),an.-w v,'),a,a (Pi-P)\/* »37—9.*‘:-? v (7 ﬂ):’
@y 25K, Gz (434p), Qs ,(P,,-P,)v = ,_[‘r;-r. ~V(B-rY]
Q3 =(u-%), Aan= Yy-4) Qas—(ﬁy*Z)V)}szi[ Fetiey (&-B)‘]
Finally, |
a )@‘*Qn.l;;, +a,3 T, : Ay
Qi Xo +an'a; +a23T) = Ao
Asi Xo +Qsxto + A3 T) = A

22



Solve for Xp , U, » T, by Cramer's rule.. Then %#,= P =T,
Substitute X, , ‘3’0 » T, into the station | equation |

N\ a—z . ]
Zox \lv"h —(Xi=X) = (415495) "
I Z,s0 computed is imaginary or if it.Is less than half the eplcenfral

'dlsfance of the nearest sfaﬂon, set 2, ,zTR. :

| b. Thrée ‘stations.
(Xa-‘x')xo-i-(e}r‘;h)‘jo +(Pp- P.)v T = [n -V (Pc?») ]
(X3—X~)xo+(%3"’} Do +(Py-PIV'Ti= —[r_«,-*n (AP ]
Solve these equations for X,.and ¢, In terns of T, , and set
RP2 = 4 [ra-vri-v Vi R-R)*]
RP3 = % [gr:—'*n‘—-'v"( P-R)*]
DET3 = (Y= )(AaXi)— (I?g_—»l?,,)()(y-)(,) N

xo = CEURPZGAORES. 4R R)—(yg) (&—'{L T"
057’3 | DETB

Yo = (Xz"‘Xl)RP3 - (X‘s“XO)R'PZ [(x,, =X)(Ps=P) ~(X3=X) )(Po- P_J % T
PET3 'DET 3

Then we can write

x IG-,T +G- :
YYo= !G':&T.I +6“}'

13



‘where Bg},_ ) (P-P) -—(‘33“’(} (P P:)]

DET3
- C,z; (43-41) RPZ — (42~41) RP3
EE DET 3 |
. 6’3 - [Zh*xt NP=P)=(X2=X (7?3'?))] vZ
* " DET3
G o OB RPS = (X3-X) RP2
DET 3

1 £, is available trom S-P data; i .0 . 1f £,=0RGS,
calculate X, and: %o and set 2o __"tTR
If £o is not avallable, set2=ZTR and substitute X, and 'j‘o (in

A

terms of [, ) Info the station | equaﬂqn
Gn,—’ﬁ"ﬁ’ 6¢Ti +6,= 0
where
Gs = (¢ FrEE-vE)
Ge =-2.[61(%-6)+ 65 (7,-0—4)]
G7 = (Xi-G2)* +(q, 6a)* +2TR"
| Set G-g.':. G’:.—‘I'G'S'G“} |
Gy= NGy
The two roots of the quadratic are
- G¢- Gy
N

[N SP—

TIM =

TP = —G+6
U



Substitute T!M and T} P, ‘successively, Into the quadratic. Select
the root that leaves the smal lest "residual¥ and test whether that
residual < 0.00i. If so, set T, equal to that root. If 'no‘r,‘ go"l'o

the routine that places the hypocenter at the nearest station.

25



Cachla?lon of Traveltimes, Derlvatives, and

" Angleés of lngidence

(Subroutines TPAR and TRVDRY)

Program TRVD?V, on which these subréufines'are based, was designed
to calculate *ravﬁlflmes and derivgfives of traveltimes with respect
to epicentral d!séance and focal depth for events in an "earth" consisting
"of N=I flat Iayeré above a homogeneous halt space. The earth model ls '
descrlbed by the depth to the top of layer L and the P-velocity in
: Iayer L; f.e., by D(L), V(L), L = |, N, where the index N refers to
: the half space.

The course of the program can be outlined as follows:

I. Determine the layer, J, that contalns fhe'focus at depth, H.

2. Determine which of the several possible waves (direc?; and
refractions frém successively lower horlzohsi is the first arrival at
- distance DELTA. |
3. Calculate the traveitime and derivatives by an appropriafﬁ'
 method: for refracted waves these calculaflons are straightforward, but
for the direct waves a numerical solution must be employed;

Because the traveltime, derlvafive; and angle of incidence
calculations are a critical central part of the hypocenter determination,
" these subrouflnés are treated more‘fhérqughly than other subroutines in
- the program.. This wrlfeup‘descrlbes a somewhat more elaborate version
- of the subroutine that constitutes a self-contained program as well as
a test of the program on an actual earth model (the 3-layer "Hawali a"
structure). lf is hupplemenfed by an lndependenf flow chart and 8

. FORTRAN Ilsflng of Fhe TRYORY program The variables used in the program

26



|

and flow chart are identified in the ‘accompanying list. The same

notation will be uséd, generally, in the following section of the wri+eup,
which ouflines the mafhemafical formulafion of the program and d!scusses
some of the principal probiems that must be solved. The notation used

in this section Is nearly identical ,(buf not exa,c'rly) to that used in
HYPOLAYR and its subroutines. |

T}avelﬂme of Refracted Waves

(See Sketch A)
The traveltime, to distance DELTA, of seismic waves from a focus

in layer J that are refracted along the top of layer M can be written:

T = TINJ(M) + DELTA A/m) E :
The Intercept, T IN J( M) ’ éan be wrl'l'"lfen:

TKT »cos &)
V(J)
where TID(J,M) is the Intercept of a wave with its focus at the top

TINT(M) = TID.(J,M) -

of layer J (at depth D(J)) that is refracted. along the top of layer

M (at depth D(M)). : S ' g
Finally,
M—'I\’HK(L)' co @-“' & HK (L) 9.
®CO5 THIK(L)*CoS
T1 = 3 +Z
TID(GM) 2w )

‘In fhese equa'l'lons. 9‘* Is the angle of lncldence in Iayer L oi a wave .

that ls refracfedi_horlzonfally in layer M.

2.7



Skeieh A

No-éa:lla:m used fo s]oecc-fj model

<
N~
o
e ~
% Z
~ 4
¢ = ey
DELTA —> 5 o =
—D() !
/ f ]\ \/(:)) THKUJ
D) &)
H - — - ee e ‘7!‘__ —-— ) _,/._ — y —
Jolty) I3 L ' ‘ VUT-1)
- “—F"c”s—*‘ V(T) THK]
Dig+) ' &Ry
o~ v (M=1)
DM) V(M)
D(N) ' ' ' el
viN) —
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Cel+ical Distance (Initial Point) of Refracted Waves

Analogous equaﬂons‘ can be written for the distance ‘l'o the initial
point (distance of crlﬂcal reflecﬂon) of the wave from a focus at

dep+h H (in fayer J) that is refrac'red along the ?ap of layer M.

DIDT(M) = DID(J,M) - TKJ*i’an o) , and
- |

DID(J,M) = fTHK(L)*tan@J gr}m(b) +Tan 9;3\
) L= J L= '

where DID(J;M) Is the crlﬂcal distance for a wave with a focus at
the top of layer J (depth D(J)) that is reflected from the top of
Iayer'M (depth DeM)).

For waves that are refracted along or critically refiected from

the top of layer M, the angle of incidence in layer M is /2.

Critical Distance and In‘('ercep'r'Formulas'ih Terms of Layer Velocities

‘and Thicknesses

From Snell's law | -8in 9’:: = %%%) . //ence,
. b-._ . . 2 . ' // 7 (M 1_v f’
cos Bh= (1= V)" = W o e

ta.n@ V(L)/\/V(M) V(b | L,

The expressions for TID(J,M), DID(J,M) TINJ(M'); and DIDJ(M) can
be written:

- mel
o VM =viL)T V=YL~
T _ ,THK(L)*\{ VM) =V(L) Z HK(L)#
PHM) ; V(M) #»Y(L) i) V(M) * Y (L)

29



'DID@M)= Z

M-l M=
THK L)%V (L) +Z THK (L) % V(L)
. -\TvV(M)z' Y(b vV(M):L V(L)').
TINT (M) = TID(J'M) R \/(:r)='
VM*V(F)
T KT *V(J)

DIDJ‘(M) DID(I M) - TKJ*

S\ V) = V(T

In these equations, TKJ s the depth of the focus below the top

of layer J,

le., TKI = H - DWJ).,

Traveltime of the Direct Wave

The 1'rave|1'ime of the direct wave to distance DELTA from a focus

in the first layer Is simply:

T= \_}H°‘+DELTA" /(1)

For a focus in a deeper layer (J = 2, N) the expression for T as

a function of DELTA is too complex to be useful, if it can be obtained

at all. Hoﬁever, both T and DELTA are relatively simple functions of

slned- , where eJ is the angle of incidence of the ray at the focus

in layer J.

|
In the program "DIRECT", a simple method for determining sin®y

and then calculaﬂng T for any specified DELTA was developed. This

routine is employTl in the present program to compute the traveltime of
the direct ray to distance DELTA forJ » 1.
|
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Maximum Distance at Which the Direct Wave Can Be a First Arrival.

(See Sketch B)

Because the traveltime of the direct wave is more time-consuming
fo'calculafg than the traveltimes of refracted waves; a preliminary
test Is made to determine whether DELTA Is beyond the range of possible
. direct-wave first arrlvals; Consider a focus at depth HAfn layer J.

At large DELTA the direct wave Is asymptotic to the refraction line

for a focus at the very top of layer J; but the direct wave is always
later than the asymptote. Let the crossover distance between the wave
refracted along the top 6f J ffcm a focus at the top of J and the wave
refracted along the top of J + | from a focus at depth H be XOVMAX. L
Then the crossover between the direct wave and the refracted wave from .
J + 1 will be smaller than XOVMAX, and the first arrival at DELTA
larger +han XOVMAX must be a refracted wave, L < N

Because the Initial poin+ of the refraction from layer K +1is
coincident wlfh the critical reflection from the +op_of K+ 1 (or the .
bottom of K) and becadse the reflection from the base of K must. be
later than the direct wave (if K =J) or a refracted wave from the top
of K, fhe-inl+lal point of the K + 1 refraction curve must |ie above
the K-refraction curve lor the direct-wave curve if K = J); Hence,
..for DELTA greater than XOVMAX and J < N the first arrival must be a
refracted wave récérdeﬂ beyond its Initial point.

‘Determination of Which Wave ' Is the First Arrival at DELTA £ XOVMAX

For DELTA léss than XQVMAX the first arrival may be the direct
wave: so- the fra*alflme of the direct wave must be computed and
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Sketch to tllustrods discussion

of XOVYMAX, inttial pout, and
cretical distance :

. DIR

Tmnm)-—;;f T e
.3

| TR

TIOGI)— =~ - :

!

KOVMAX.
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compared Qlfh the fravel+lmes'6f pbsslble refracted phases o establish

which arrival is earliest. In this range of DELTA, however, it must
'.be estabi Ished *%af any prospecflvé réfrac+9d first arrival ‘actually

exlsts at the sp%ciflc value of DELTA considered; l;e:; Is DELTA beyond -

the initlal polnT of the refracted wave?
!

a ) . .
Derivatives!of Traveltime with Respect to Epicentral Distance

'

' and_Focal Depth.--When the nature of the first arrival at distance DELTA
‘ - * . N
has been estabiished, the traveltime of that arrival is set equal to

T and derivatives of the traveltime with respect to DELTA and H are

[

computed by methods that are appropriate for the first-arrival wave

type. .. . '
Derivatives of refracted-wave traveltimes with respect to DELTA

and H.-=For refracted waves, by differentiation of:fhe'equaflon for T

as a functlion of DELTA and H:

!
| 'aT/aD;LTA = Jm)
3T/oH = — VVMP-V(@*
Vim)*V(J)

Derivatives of first-layer dlrect arrivals.-=For the direct wave

through layer 1:
- dT_ _ _DELTA -
DELTA — v/(1)#\ H*+ DELTA*
2T H
BH = VO)*\Hz 4 pELTA

. 33



Derivatives of direct-wave traveltimes: J 2> 1.-=(See sketch C.)
Because both T and DELTA for the direct wave from layers beiow the

first can be expressed in terms of the parameter sin 1=

2T
3T 3 sin®y
DELTA NP oA
d5Lin oy
3T
2 DELTA

. (V@22
TRIU/ (V@)= (1 o_“z)3/z) + Z THR(L)EV(T)*U /(vu.) sz_uz), )

K3/ (10~ IO VG VD 2\
> IHK(b)* )/(V(b (48.- ) )

~ where

U= SL.I? _93'
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ol

Nexf we mus+ calculafe = for the direct
2 R lpara

arrival from llayer J

Letting | u = S(nB;, and h = TKI = H = DW) , and DELTA =4,
J—

72 P > THR(L) %V (J)
V(TN o=u™ T3, 2, (VOF - 2\
(Dlo=d™ Ty vyt (VX g) |
| -1 -
A= Al S THRUW U
%= - Z /2,
lL.o-y* L=l \G?Z)z. "(1) .

 Holding U = stn®y = const,  Increase h by an amount h. The

' corrqspondl.ng changes In T and Aare

2T, |
5T, = -a—],u*éﬁ—
SA'_-’b_j\- » 5H

Nex'r changeu by an amount du, holding h constant so that ‘the
change in A, 5A,~ , Is equal and opposH'e to that caused by fhe previous
change in h. '

| C_ A | b =-8A
6A9. -a.a-**éu sa-lu*é‘“ 4'
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i Thus, the required &U is:

_ _ 34 |
SH-_—'-—B—A-——'A—*S%-

i

The corresponding change In T is

L T
§Ta. = 343 SU

Substituting the| previous expression for &l

57;_--214.* 352"’“ * SA

ou ___(
VAR )
. The total change| InA, 1.e., 5A,+3A1=0 , and fhe total change
InT is .
oT|  3Fh
éT $T, «ST,_._a}‘I *5«“ au‘h 'BA"“ + 6
- aT aAI

T | - 25 24
We have prevtously calculated

Sl 2%

BA A
2,

3T _?_T., _..?I./. 28 ¢

.;;"lA-a,au 24l Mlu .
Bt 2T) - L 26, U

oAy~ voWlo-a* 7’ 2= {o—u

37



T Lo U

2hia  V(Dx\Too—uyr — VIo-g’
Thus ;
g_v_-_, 1 /.o—’w:r)*u*%%[x
ohia T
I
1

V(Z)*\To-y>"

in fhe*nofafidn used In the FORTRAN program
i . '

§ 0= V( TDD
DTDR = ho=Vv(J)*U > D
- YUI)*\1Lo-ur

1®

oT
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" Notation Used in the TRVYDRY Program -

HIN
DELH’
MAXH
KREC
N
VLY
D(L)
DELTA(I)
THK(L)

TID(K,M)

DID(K,M)

H
J

TKJ
TINJ(L)

DIDJ(L)

TR(M)

initial focal depth

_3Incremenf In focal depth

)
)
) .
B ~) Used In test of
maximum focal depth ) program
: ) .
)

' total number of stations considered

| number of layers plus one

P-velocity in layer L

~!dep'l'h to top of layer L

epicentral distance to station I

#fhickness of layer L

(lnfercepf of refracted wave from a focus at

! boundary D(K) and refracted alqn§ boundary
DM); M > K;

critical distance of refracted wave described above;
I.6., epicentral distance of the Initial polnt of
the refraction cufve. |

focal depth

layer confalnfng focus

distance of focus from top of.layér J

intercept of wave from depth H (in layer J) and
refracted along boundarf D(L); L > J

critical distance of wave from dépfh H (In layer J)
and refracted along D(L);

traveltime of refracted wave from focus.a* depth H

to distance DELTA(I)
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TMIN= 999.99. "

XOVMAX
D

DTDD(1)
DTDH(I)
MODE(I) = 1
Tl
MODE(I) = 2

XBIG
XLIT

UL
’UB
DELBIG
DELLIT
XTR

arbitrarily large traveltime for use in scheme to

Identlfy first arrival at distance DELTA(I)

‘"safe" estimate of ma;imum distance at which the

first arrival mjgﬁf be the direct wave
traveltime of wave fro'mv focus at depth H to epicentral
distance DELTA(I)
2T(I)
?T(I) / OH

/ ODELTA

Identifies "refracted" arrivals,

. fravel‘l'.ime of direct wave from a focus in layer 1.

identifies a direct arrival from a focus in layer 1.

upper |imit of Interval containing the point at
which the direct wave from.a focus inJ leaves
layer. J

lower iimit of Interval containing.the point at
which the dlrécf wave from a focus In J leaves

layer J.

value of sin®; computed from XLIT

value of sin®, computed from XBIG

value of DELTA corr;spondi_ng to XBiG

:Jalue of DELTA corresponding to XLIT

trial value of X, ‘the epicentral dlé‘l‘ancg at which
: the direct ray leaves layer J

value of sin®; computed from XTR ( ©; = angle of

incidence in layer .
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T3

DELXTR the value of DELTA that carresponds to XTR

TEST = DELTA(I) - DELXTR |

LL !feraflén counter In loop to find XJ, shwE%., etc.

‘TOC asymptote approached by TDIR when DELTA(I) >> TKJ

MODE(I) = 3~ Ind;cafes direct traveltime and derivatives calculated
on the basis of TOC for DELTACL) >> TKJ

ALFA Sums required in the calculation of DTDO(I) for the

) .
)
BETA ) direct wave
MODE(I) = 4 Indicates direct arrival

TOIR ‘ . traveltime of direct wave

ol



TrAvORIY
READ N, HIN, DELH, #MAX '
(V()'.)) D(L')),L';/)/\/) J-

KREC (DELTA(L), L=1,KREC)

N
) THK(L) = D{L+1)—D(L) [
L=, -]

Sz

DID(}],1) =00

A

FlLovw ey AR

R K-
Sumi = Z - THK(L)%\{V(M)"-V(H):. /V(M)‘X'VU-)
SUMA = Z THK(b)xV(L) /\} VeI ek

Sum 2= Z -rmq,,),.\\

ML) NIV L)

SUMB = ZL_ THK(u)*\/(Lc) /NIy

TIDIMM) = sum.)

DID(MM) = SUMA ?K"M K=2,N

TID(’)M) = 2 SUmL < =)

PLOIm) = 25umMB 3 mz=2,N

TIO(KM) = SUM] +2SUML kz2,M~l
L OFD (K,M)= SuMAFrRSUMB  § M=pp), IV

[H= HIN}

:__;® —3[ L = 0 |

lz.. =p—rl]




4

[ TINTCs) = T10(J,L)-TKT %\ V(u)*-¥(3) /\/(u)’e v(J)
DI1DJ(L) = DID(J, L) =TKT * V(T) VL=V~

L=

J+i, N

e

XOVMA X = V(@) V@) HTINT(T+1)=T10(3,J

)raer-via)|

M =

J+l, N
J/

K= M
TMIN =TR(M

\

e




wif

T(I) = TR(K)

DTOD(T) =10 /V(K) '

DTO A= =\ =VIay*/ Vi # VI3
MO-DE(I) =)

TDIILTMIN,

T(L)=TDJI
DTpD (I)= DELTALL) /Y (1)% H“--I-DELTA(I)Z’
DTDH(I) = H/vu)*\] H2+DELTA (1)

- MoDE([R) = 4 |

anE——




C) us

XBIS& = DELTALIL)
XLIT = DELTA (I)*TI(J'/H

UB = X816/ X816 +TkT >
UL = xbzb/\jxu-r*nkaﬁ

=1
DELBISG = TKI*xUBAho-up® -r-Z KL *H%w-

NI
DELLIT: 1<:rm1./q'—-—,o Ky 2_ THK(L)*LN,/\} VIS
VL) )"
@"" ' N Lu =1t
XTR = 0»5x(XBIG+XLIT)
—
U=XTR/\|XTR*+TKI* ,
A\
XTR = XLIT+(DELTA)- DELLIT)%(XBI&-XLIT)/@ELBI&'DE/-LIT)
U= xTr/Y x-rn,"--rrka’“"
DELXTR-TKJ%M/\]/ o-U* + irﬂku.)*u /\] V( 52U .
Vib
_ W
TEST = DELTA(L)— DELXTR
|
o ‘
XBL&= XTR {—>—1<— XLIT =XTR.
!
; 7
| Y
\

/




Hé

T(I) =TbhC
DTOD(I) = 1O /VIT)

DTDH(I)= O
MODE = 3

. -3’02.

O

— _ i ‘
T?]R =TKI ) To-0 ™) + Z’);i_jiklb)a‘\/(J) WW\((V(J’)‘ “3)—14‘ ‘




"7

T(IL) = TDIR

()2

. L\3/2
BETA = TRIUAMTM(10-u?)™ +Z:'Hl<lh)*v(t77=‘u/</(h) (\’,‘}f U]
' ) ) =l :
DTDD(I) = BETA/ALFA

DTOH(I) = ( [.0 = V(T)xu DTDD(I))/(V(J)*\{—L -uf-’)
| MODE(T) =4 |

ALFA= TKT/(].0-4*)"= +£Tm<u.> \/(J)/\/(L«)*(\——-L— e

WRITES N, 4, 3,TT ( Dh), VL), k=)
(I,0ELTALL),T(L) DTDD(T), DTDH(Z))
MODE (L), I=1, KREC)

' 0

YES

H=H+DELH

OR
’ ( sToP )




//TRAVORIV JOB (C 43
// EXEC éORTHCLG F

/

TRAVDPBV Lrstipng (BOD intevpyetes

753,3 M VELX
ORTX :ﬂ ‘SGLE ELx1

//FORT,SYSIN DD »
€ TRAVELTIME AND DERIVATIVES ° Ne=1 LAYERS

#E

: 20
- DO 50 K=2,N}

500
505

510

DIMENSION V(10),0¢10),THK(10)»TID(10510)»TINJC10)»TRC10)» -
1010(10:10):DIDJ(10)»DELTA(20):T(?O)pDTDD(ZO)aDTDH(ZO)oMODE(20)
SRTBK(X»YsZ)=SQRT((X*X)/(YRY)=(Z*2)) , e
READC5»500)INsHINSDELH, HMAX ‘

FORMAT(IS,»3F10,3)

“READ(5,505) (V(LI»DLL)»L=1,N)

FORMAT(2F10,3)

READ LIST OF DELTAS FOR TRIAL CALCULATIONS

READ(5:510)KREC:(DELTA(L).L-g,KREc)
FORMATCI5,(5F10,3)) -

- COMPUTE THK(L)

THK(NI=0,0

- 00 10 K‘Z»N

10

L=k=1 N
- THKC(L)=D(K)=D(CL)-
CONTINUE '

COMPUTE INTERCEPTS AND CRITICAL DISTANCES FOR BDUNDARY'ﬁOC{'

TID(121)=20.0 -

DIpC1,1)=20,0

Ni=N=1 . :
DO 15 M=2,N _ . !
Mi=M=1 A . ‘ : T

SUM1=0.0

- SUMA=0.,0

12

15

18

DO 12 L=g,M1 :
SuM1= SUM1+THK(L)*SQRT(V(M)*V(M)-V(L)*V(L))/(V(M)tV(L))
SUMASSUMA + THKCL)I*VCL)/SQRTC(VEMI*V(MIaV(LI*VCL))
CONTINUE _

TIO(MsM)SSUML

DID(MaM)SSUMA

CONTINUE ‘

DG 20 M=2,N

Mi=M=1 I

SUM230,.0

SUMB=0.0

DO 18 L=1,M1

Sum2s= SUM2+THK(L)*SQRT(V(M)tV(M)-V(L)*V(L))/CV(M)tV(L))
-SUMB=SUMB + THK(L)*V(L)/SQRTCV(MJ*V(M)‘V(L)*V(L))
CONTINUE

TIDC(1,M)=2, O*SUMZ

DID(I)M)=200*SUMB

CONTINUE

KK=K+1
KizsK=1

DO 50 MaKKsN
Mi=M=1
SUM1=0.0
SUM230.0

- SUMA=0.,0

SUMB=0.0



3o

50

PO 30 L=1,K1
SUMISSUMI+THKCL)*SQRTCVIMI*V(MI=V(LI*VCL)I/CVIMI*V(L))
SUMA=SUMA +- THK(L)*V(L)/SGRT(V(M)tV(M)-V(L)*V(L))
CONTINUE !

DO 40 L=KoM1 ,
SUM2=SUM2+THKCL)*SQRTCVCMI*V(MI=VCLI*VCL))ZCVCMI*V(L))
SUMB=SUMB + THK(L)I*V(L)/SQRTCV(MI*V(M)=V(L)I»V(L))
CONTINUE

TINCKsM)=SUML1+2,0%SUM2

DIDC(KsM)I=ZSUMA+2,0+SUMB

CONTINUE .

C CUMPUTE LAYER CONTAINING FOCUS AT DEPTH H AND DEPTH TKJ OF FOCUS
C BELOW TOP OF LAYER J

51
53
55

56
57

HaHIN

L=0

LaL+l

IFCL «GTo NGO TQ 56
JIF¢DCLI=H)S53,53,55
J=L=1

GO TU 57

J=N
TeJ=H=D(J)
IFCJ +EQ. NGO TO 61

CCOMPUTE THE INTERCEPT OF WAVE FRDM FOCUS IN LAYER J AND REFRACTED
€ ALONG THE TOP OF LAYER L

58

00 58 L={,N
TINJC(L)=0,0

0IDJCL)=0,0

CONTINVE N

JusJd+l

D0 60 L=jyJsN

TINJCLI=TIDCUsL) - TKJ*SGRT(V(L)*V(L)-V(J)*V(J))/(V(L)*V(J))

 DINJCLI=DIDCJI,L)" TKJ*VCJI/SQRTCVCLI*VLLI=V(JI*V(J))

60

CONTINUE

C COMPUTE DELTA BEYOND WHICH ALL IST ARRIVALS ARE REFRACTIONS

61

XOVMAXZVEJUI*VCIINCTINICIII=TIDCISJ)IZCVCIII=V(J))
CONTINUE

C BEGIN CALCULATIONS FOR OEPTH H AND DELTA(I) I'lpKREC

D0 300 I=1,KREC

¢ dETERMINE WHICH BRANCH OF THe TT CURVE CORRESPONDS TO DELTA(I)

90
100
102

104
106

108

49

00 90 L=1,N

TR(L)=0.0

CONTINUE

IF¢J +EQ, NIGO TO 215

00 102 MsJJsN

TR(M)= TINJ(H)*DELTA(I)/V(M)
CONTINUE

TMIN=999,99

M=y

MM+l
IFCTR(M)=TMIN)106,106,108
IFCDIOJC(M) ,GT., DELTACII) ¢O YO 108
K=M

TMINSTR(M)

IF(M oLTe N) GO TD 104



IF(DELTACI)=XOVMAX)
€ CALCULATE TT AND DERIV S

120 T(1)=TR(K)
DTDOCI)=1.0/V(K) .
DTNHC(I)= -SORTCV(K)*V(K)'V(J)*V(J))/(V(K)*V(J))
MODECI) =1

‘ GQ TO 300

. C COMPUTE 71T OF DIRECT WAVE THROUGH LAYER J

202 IF(J oNEe« 1)GO TO 215
TDJ1=SQRT(H*H+DELTACI)*DELTACI))/V(1)
203 IF¢TDJ1~ TMIN)205:120p120
2083 TCI)=TDJ1
' DTDD(I)=DELTA(I)/(V(1)*SGRTCH*H+DELTA(I)*DELTA(I)))
DTpH(I)= H/CV(1)*30RT(H*H+DELTA(I)*DELTA(I)))
MODECI)=2
_ 60 TO 300 |

: 215 LL=0

. € BEGIN ROUTINE 7O FIND ROOT OF REFRACTION EGUATION

: XBIG=0ELTACI)!

2 120,120
WA

02, ' ‘
FOR VES RECORDED BEYOND XOVMAX

XLIT=0ELTACI)*TKJ/H
UB= xBIG/SQRT(*BIGtXBIG+TKJ*TKJ)
UL=XLIT/SQRT(XLIT#XLIT+TKJ*TKJ)
DELBIG=TKJ*UB/SQRT(1,0=UB*yB)

DELLIT=TKJ*UL/SQRT(1, O-UL*UL)
Ji=J=1 1
DO 216 L=1,J1
DELBIG=DELBIG$(THK(L)*UB)/SRTBK(V(J)»V(L)»UB)
DELLIT=DELLIT$(THK(L)*UL)/SRTBK(V(J)’V(L):UL)
216 CONTINUE
218 LL=LL+1
: IFCOELBIG=0ELLIT LTe 0.02) GO TO 231
XTR= XLIT+(DELTA(I)-DELLIT)*(XBIG-XLIT)/(DELBIG-DELLIT)
UsXTR/SQRTC(XTR#XTRI+(TKJ*TKJ))
NELXTR=TKJ*U/SQRT(1.0=U*U)
Na 220 L=1,J1
DELXTR= DELXTR+(THKCL)*u)lSRTBK(V(J);V(L):U)
220 CONTINUE
TEST=DELTACI)=DELXTR
IF(ABS(TEST)=0,02)235,235,221
221 xrcrEST)zzz.zss,zzo
222 XBIG=XTR
DELBIG=DELXTR
G0 TO 230
226 XLIT=XTR
DELLIT=DELXTR , :
IFC1.0=U LT, 0.,0002 «AND, LL +GEWw 10) GO TO 235
1230 IFCLL +LT, 25) GO TO 218
G0 TO 235
231 XTR30,5S*(XBIG+XLIT)
U-XTR/SORT((XTR*XTR)+(TKJ*TKJ))
235 CONTINUE
. IFC1.0=U .GT. 0,0002) GO To 238
C IF U 15 TOO NEAR 1,0 COMPUTE TDIR AS WAVE ALONG TOR OF LAYER J
236 TOCSTIDCJ,JI+DELTACII/ZV(Y)
IF(J +EQ,s NIGO TO 23?



IF(TDC=TMIN)237,120,120
237 T(1)=1DC : ‘

DTNOCI)=1,0/V(d)
ODTDH(I)=0,0
MODECI)=3
G0 TO 300 .
C COMPUTE TOIR FROM ROOT OF OELTACU) EQUATION
238 TOIRSTKJ/ZC(VCJ)I*SQRT(1,0=U*y))
239 D0 240 L=1,J1 . .
| TOTR=TOIR+CTHKCLI*#VCU) I/ CVCLI*VCLIYSRTBKCVL )P VLIS UD)
240 CONTINUE ,
IF¢J +EG. N)GU TO 245
243 IFCTOIR=TMIN)245,120,120
245 T(1)=TOIR
" € COMPUTE OTDD(I) AND OTDH(I)
: ALFAZTKJ/SQRT(1,0=U*y)en3
BETASTRKJI*U/(V(JI*SART( L 0=U~U)2n3)
00 247 L=1,J1 :
ALFA=ALFA+THK(L)*V(J)*V(J)/(V(L)*V(L)*SRTBK(V(J)pV(L)’U)**3)
BETASBETA+THKCLI*VCJINU/CV(LI*VCLI*SRTBKCVCJIoVCL)pU)2#3)
247 CONTINUE :
DTODCI)=BETA/ALFA :
DTDHCII=C1.0=VCJI*U*DTDDCI))I/CVCJI*SARTC1.0"U*Y))
MOPECTI)=4 ‘
300 CONTINUE . '
310 WRITE(6s530INsHsJs TKJ,CDCLY,VCL)SL=1,N) '
530 FORMATCLIH=»7X,2HN=513,5Xs2HHR,F74253X»2HI=,1322X»4HTKIZSFT 257/
110X:5HDEPTH:lOXnBHVELUCITY:/’(BXDF7.3’10XJF7.3))
315 WRITE(6,535)C1,0ELTACT)»TCI)»NTDDCI),DTOHCI > MOOECTI)»I=15KREC) -
535 FORMATC(1HO0,4Xs1HI,5Xs BHOELTACI), 10X, AHTCI ), ZXs THOTDDCI),
17x,7HoTuHcx)»7x,ruaoozcr),/(3x,13,sx.ra.a,ax,ra.s.axnra.api
, 26X,F863,7X513)) o ‘ L
C TEST FOR COMPLETION OF RUNS WITH DIFFERENT DEPTHS
320 IFCHMAX=H)325,325,321 '
321 H=H+DELH .
322 GO TO 51
325 STQP
END
/%
//G0,SYSIN 0D # . '
4 1,000 2,500 29.000
3,900 0,000
5,000 - 3,100
60800 11}200 :
8,250 14,800 : ‘
10 1,000 5,000 10,000 15,000 20,000
30,000, 50,000 80.000 100,000 150.000
R /* . s : . : : .
7

'6'/



IEF2851

LOANSET ¢ TRAVDR IV ODELETED
TEF2951  VvOL SER NOS= SYSC3
"1EF2851  SYSL1.FORTLIR. KEPT
[EF2851  VOL SER NOS= CAMP09.
IEF2851 - SYS2, XTRINSIC KEPT
[EF2851  VOL SER NOS= SYSOL
IEF2851  SYS1,UT1 : KEPT
IEF2851 © VOL SER NOS= CAMPQS8,
IEF2851  GOSET.TRAVORIV PASSED
IEF285I voL SER ‘NOS= SYSO03 , '
[EF2851 SYSOUT SYSouT
IEF2851 VOUL SER NOS=
//G0 EXEC PGM=#%,LKED, SYSLmno,conost(s.Lr FORT),KS'LT'LKED)! cnon
//FTO1FO01 OD DSNAME=SYS1.UT1,DISP=0LD,0CB=(RECFM=V) n303%
//FT02F001 DD DSNAME=SYS1.UT2,DISP=0LD,DCB=(RECFM=V) noeco
//ETO3F001 DD DSNAME=SYS1.UT3,0ISP=0LD,DCB=(RECFM=V) 2000
//FTO4FO01 DD DSNAME-SYS1.UT4'DISP=0LD,DCB=(RECFM=V) 0000]
//ETO5F001 DD DONAME=SYSIN 00001
//FTO6F001 DD SYSOUT=A 00001
//FTOTFOO1 DD UNIT=SYSCP . 0000
//FT13F001 DD DSNAME=SYS1.UTS,DISP=010,DCB=(RECFM=V) 99300
//GO.SYSIN DD * ' :
IEF2361 ALLOCe FOR TRAVDRIV GO
IEF2371 PGM=%,0D ON 330
IEF2371 FTO1FNOL ON 1CO
IEF237I FTO02F001 ON 330
"IEF2371 FT03F001 ON 330
IEF2371 FTO04FO01 ON 330
IEF2371I FTOSF201 ON 00C
IEF2371 FTO7TFOO1 ON 00D
IEF2371 FT13F001 ON 330
"N# & HE# 1,00 | J# 1 TRI# 1.00
. ] i .
DEPTH VELOCITY
o 3,100 5,000
[ 11,200 6800 .
! 14¢ 809 84250
I DELTAZIL T3I< DTODNZIL DTDHZIL MODEZ I
2 - ~ 5.000 1307 " 04251 0.250 2
I3 10.000 2.577 - De255 0. 026 2
5 29,000 4,834 0.200- -0.160 1.
6 30,000 6.834. 0. 200 -0, 160 1
7 50. 000 10,412 0.121 -0.226 1
I 9 100.000 16.473 0l.121" -0.226 1
L10 . 1504000 22,533 0e121 -0.226 1
NE & HE . 3450  J# 2 TKJ# 0.40
DEPTH VELOCITY
0.0 3,900
52 3. 100 5. 000



v 11.200 6.800

I DELTATIKL T2IL . DTONZIL - DTDHZIL MODEZI<
1 1.000 . 0.910 0.068 ' 0.188 4
2 5.000 le 511 0% 0.193 0.053 4
3 19.000 2.503 <ot 0,200 C.013 ¢
4 15.000 3.499 417 | 0,200 0,007 4 .
. 5 20,000 4502 a7 0.200 " 04305 %
6 30,000 64497 497 0.200 ' 0.0 '0'3:{ 3 +
7 504000 9,874 - 0.121 -04159 ) S
| 8 80,000 13,510 - . 0.121 -04159 1
"9 100,000 154935 ~ 0.121 04159 - 1
10 150,000 - 21,995 —__ 0.121 '=0.159 1
w T £3 - o
{— - N# & HE 6,00 J# 2 TKJ# 2,90 :
DEPTH ‘ VELOCTTY
0.0 : 3,900
3,100 . 5.000
11,200 . " 64800
144809 84250 ,
1 . DELTAZIKC TSI< - DTDODZIC  DTDH3ZIC MODEZI<
1 1.000 " 1e394 » . " 0037 . Oe197 4 '
Il 2 50000 1.781 750 0.142 : 0.141 4
3 10.000 : 2,622 ~ 0.184 0.078 %
4 15.000 3.571 572 0,194 0,049 4
.5 20.000 40549 » 0,197 , 04035 4
6 - 30,000 64533 7150 0 199 0,022 4
1 7T . 50,000 9.476 0.121 -0.159 1
8 80,000 13.113 0.121 '~ =04159 1
9 100.000 - 15537 + = Q.1l21 -0.159 1
10 150000 - 21.598 « 0.121 . =0e159 1
- . ~ . . Y ITy R
T ~ . 2 :
~ N# 4 HE  '8.50 J# 2 TKJIR 5,40 L
DEPTH i VELOCITY
0.0 L 3.900
3,100 . 5.000
11.200 .- 6.800 .
‘14,800 ... 84250 - ]

v i 1. DELTAZIC CTRIC DTDDZIC = - DTNHZIL ' MODESIL
' 1 1.000 o 1.888 ~ . 0,025 0.198 6
2 . 5000 . 2,171 17 0.L10 14 Q.167 4
3. 12,000 = 2,870 (5 0el162 0.117 A
A 15000 - 3,738 739 0,182 . 0,083 4
5 20,000 . 44671 413 04190 . 0.062 A
6 30,000 . 66527 1 0e 147  =0.136 1

1T 50,000 9.079 ~ 0.121 -0.159 - 1

! : 8 . 800000 .' ) 12. 715 v 0. 121 . "Oo 159 i 1
{9 100,000 - 15.139 ~ 0.121 -0.159 . 1
10 150,000 . 21°Z°°‘:i 0e121 -0159 1
L . X .

DEPTH . VELOCITY
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OO®~NG U HWN - -

A\

CODNGUVHWN - =

~T

<\\

= SR TN

0.

0.0 3.900
3,100 5.000
" 114200 60800
14.809 8,250
DELTAZIL TZI1< DTNNZ I
‘ lL.000 24385 » 0. 019.
T 5,000 2606 605 0.088
17,000 3,197 194 0elé2
15.000 3,978 171 N0.168
200000 4e 717 v 06147
3%.000 6.188 ~ Oe 167
50,000 . Be681 v 0.121
80,000 126317 ~ 0121
100.000 14.742 v 0e121
1500000 - 20,802 v 0.121
. 4
N# & H& 13,50 J# 3 TKI# 230
DEPTH VELOCITY
0.0 3.900
. 3.100 5.000 ‘
11,200 6,800 .
14.800 8,250
DELTAZIL T3IL DTDDZIL
© 1.000 2,761 78w 0.015
5.000 2,930 v« . 0.068
10.000 3.397 - 0.1l14
15.000 4,031 o030 0.136
20,000 4,733 7% 0.143
30,000 60 033 v 0el2l,
50,000 8,458 0.121".
80.9000 12,094 v 0.121
100,000 14.518. v . 0e121
150,000 204579 0.121
oy I
NE 4 HE 16.00 J# & TKI# 1.20
DEPTH " VELOCITY
0.0 3.900
3.100 5.000
‘11,200 6.800
14.800 8.250
: '"‘DELTAZI< . TRIL DTDONRIL
1.000 3.095 oy 0.011
5000 3.230 v 0.054%
190,000 3,610 €03 0.094 .
15.000 44139 137 Oell4
20.000 40727 71“ 0.120
30,000 5«931 {30 0.121
50.000 8.354 373 0.121
80,000 11.986 v 0.121
100.000 l4.410 Vv 0.121
150,000 20471 0121
)
N# - & H# 18650 - J# & TKJE ' 3,70

DTDH%ZIL
0.199
0.180
Delsl
0.108

-0.135
~0.136

"00159
- =0,159

-0.159

-0.159

DTDHZIL
- 0el46
- 06130
0,093
0.056
0.034
-0.083
-0.083
=0,083
-0.083
-0.083

DTDHZIL
0.121
0.108
0.076
0. 040
0.020
0.009
0. 004
0.0
0.0
0.0

.

017
ol

ool

MINDERIL

0 b 0 g e BN DD

M3DEZI<

il o R ol adl B R AR
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R
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CQOUDYDPNHWN -

QOO NCWNH WN o

N# 4

QCUONOWV S WN =

_N# &

e
I
J

DEPTH.
0.0

3.100
11. 209
14.800

DELTAZIL
1. 000
5.000

.10, 000
15,000
22.000
30.000
50.000

- 80,000

100,000

1500000 .

~ DEPTH
040
3.100
11. 209

. 144809

.DELTAZIL
1.000
5.000

10.000
15.000
20.000
30.000
50.000

80,000 .

100,000
150.000

. DEPTH
0.0
3.100

11.200

14, 800

DELTAZI<

1.000

5.000
10000
15000
204000
30.000
50. 000
80.000
100.000
150.000

VELOCITY
3.900

T 54000

6. 800
8.250

TZI<
36397
34507
3.822
40278
44813

5973

8.374
11.999
14.419

204478

H#® 21.00 J#

VELOCITY

3,900

" 54000
64800
8250

T3I<
3.700
3.792
44062
- 40464
© 44952

6.055

8.414
12.021
14,437
20.488

H& 23,50 J#

VELOCITY
3.900
5.000
6800
8.250

TRIL.

%4002
e 082
4,318
4e677
5123
ﬁ.lss
80473
12.054

Zol50s

|

S0
t2l
277
7=

273
94¢
3.0
47 ¢
———

py

4 TKIH

<0

H63

¢
053%

il

”~

WEY

v .
”
2.

OT003I<
0.009
0.045
0.079
0.101
Nel12

04119
0.121
0.121
0.121
0.121

OTDD%IKL.
0.008
0,038
0069

0.090 . .

- Oel04
O.115
0e120
Nel21
0.121
0el21

4 TKJ# 8.70

DTDDZIL
0.007
0.033
0.061

- 0082
0.096

O.110 .

O.118

0.120

0.121
0.121

{

6420

DTDHZIL
O0el21
0e.113
0.092
0.067
Qe 047
0.025
0. 012
0.007
0.005
0.003

‘oTonr<’

Nel21
0.115
0.100
04081
0.063
0.039
" 0.020
0.011
0.009
0. 005

DTOHZIL
0.121
0.117
0. 105
0.090
C.074
0050
0.027
0.016
0,012
0.008

MOOEZIL

PP EEE PP P P

. MOJESI

P NN NN Y

MODERI

-

N R X E L W

T‘(
L

<



o . .
A‘c:ocn-:oxq:~wtor-

)

NE & HE 26400 J# & TKJ# 11420

DEPTH

0.0

3.109
11.200
"144 8090

DELTAZIL
1.000
10.000
15000

20,000

"~ 30,000
50.000
80,000

100,000

© 150,000

VELDCITY

" 34900
5000
64800
8.250

T3I<
44305 ¢+
4e 375 v

44585 U

© 44910 4o

* 54319 «»
64303 30‘)
8.550 59
12.099 v
14,497 w97

LI

DTDD%IKL
0.006
0.029

- 0.054
0.074
0. 089
0.106
0.116

0+.120 .
0.120.

0.121

DTDHZ1IL
0.121
0.118
0.108
0.096
0.082

0. 060

0.034
0.020
0.015

0.010

MODEZIL
4

SHEPPPPPPP



" Calculation of "thé plane-wave substitute solution

" (YELAZ)
Let a pléné ane',. from a' dl§+$n+ éobr&é at an 'azimu;rh '1}/ from the
cldsfer and with a speed of \/ across the cluster strike station 1 at
ﬁ, (n'earesf)'; station 2 at £, (farthest) and station 3 at ¢3
(l'nfermedlafe).. Let the azimuths and distances of stations 2 and 3
(from station 1) be 95_)}1¢- @5 ),23 , respectively. Let ¢ (:1}’—%1;)
be the azimuth parailel the advancing wave fronf..‘ |

t, -1, = zgz_ sin (9‘1-&) /V
fs_f; = »Z,; sin (B-3- o)/ VvV

A 2 _4
whence, eliminating V and setting Y = -ﬁ‘ ﬁ‘ * j"
el 3

Sin(®sd) =Y sin(®sn-4)

(See sketch D) -
tan = Sn®yi—=Y S(n®a ,
CO5@3 Yy (osD,
Thus; A . . . '
1] SthBa-Trstnea \,
P =Tan -
\ Ccos 9‘3 -"YCOS 1=

'22. .SL.P\ (9:."'5#’2) |

V =
€y~
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i Let Ti= -2:, SLn(@-a-—tP) /v = (‘6" "?f,)c
be the calculated traveltime between stations 1 and i.

Let Tz = ( t; -%£,) be the corresponding observed traveitime.

. Let F‘. =77 -T: , the station 1 to station i travelitime

anomaly. ‘

T, s a tinction of V and ¢ (and hence ;' Is also).” In any
adJustment of \/ and d), d F,_' = —=dT; ]

Let E . be the residual that remalns after an ad jJustment of

T (E - HHJF) Then

E.: = F; "‘d!T«.‘ .
_ AT aT
dT; = 3 q{NT'aTﬁd(p
OTE _ _ L sin(Bi=d) DT P: cos(®y—db)
\% T 2 ) 34’ = .V
V .
- Fy ,L sw(&.-_) dv + Licos(8:=0) 4o

V% \

let oy = f; sin(®; ). B = i cos(e<-9)

4 V= V g

Y= dV, and Y,.-'dtpo
Then E,_ F +°(‘)/,+Q yz

To mininize ZE we must have

.5"),' ZE,; = 0 and ?Ya.ZE =0,

Thus BE N
Z " E. =0 ‘and %—5“‘*&

&9



oE. ..: '35:,
g-'_b_)j: =y Y, = g

2 i E; %—-[daou]x +[o¢ 8.7 v, +[ex: F—:;].:O
Z 8 E = [exdy, #[8:6:7% +[e:R] =0

Let

A”-‘-E"(éi"(c'] An_:'[‘-’(&@i] B, "'—."ED(‘:F‘:] )

" 8=T Au{w] B=-TeAT.

An YI ?’An. y;_ -—B/ )
A?—) Y f'Az.z_. )’1_ -—Bz_

Let

DET; AUA:-:. “A:., -A”,q_ .

qul/y |
Bi#Are — B~ Ai?—-
Y= DET av
Y., = An B.-Ax B _ '
* DET = 44

Apply these corrections to V and @ ’ and then recalculafo the.
residuals F and proceed with another round of correcﬂon When the
adjustment ‘in ), d 4, falls below 0.0001 rad, discontinue the adjustment.

N
. Calcu e AAF= ,FZ, ' as a measure of "fit".
Calculate AAF ‘Z" /\/ - ¢ nfn
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‘Determination of Magnitudes of Micraearthquakes Recorded

at Small Epicentral Distances

' (WAGNTD)

In his pioneering studies of southern Callfornia earthquakes
during the early 1930's, C. F. Richter observed that the manner fin
Whl'ch the maximum trace amplitude, recorded by a standard short-period
Wood-Anderson seismograph, diminished with increasing epicentral
distance was Independent of the size of the earthquake. Thus,. logB
vs A plots (B = maximum trace amplitude recorded on the Wood=-Anderson
and A& = epicentral distance) for earthquakes of various sizes were of
a single shape but were d!splaced, without roﬁﬂén, relative to each
other parallel fo'fhe logB axis: the vertical separation of the cur\'r.es
for two earthquakes being equal to the logarithm of the ratio of their
amplitudes. The separation of the curves for two earthquakes is a
convenient measure of thelir difference In s!ze; or (as It was defined
by R!ch'rer)' thelr difference in magnitude.

Richter (1935) defined magnitude as follows: "The magnitude of
any shock is taken as the logarithm of the maximum trace amp| itude,
expressed In microns, with which the standard short-period torsion
seismometer (To = 0.8 sec, V = 2800, h = 0.8) would register that shock
at an epléenfral distance of .IOO kilometers." He plotted logB vs A
curves for earthquakes recorded on the southern Cal ifornia network
during January 1932 (about 50 earthquakes with magnitudes between 0.5
and 4.5). He then flﬂéﬁ a curve to the log B vs Adlagram which, at
every dls‘rance; was parallel the data: curves and crossed the ng:B axis

at A =100 km. This curve (call It the log B, vsA curve) éorresponds
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to that for an eérthuak; with magnitude zera.. The "kit" for
computation of earthquake magnitudes wés then complete. Por an
earthquake recorded with maximum ampl itude B, at distance A, ,
M, = ,03 B)—log Bo . where l_oQ B, Is read from the curve at
- distance A '

To check the validity of the logB vsA curve, Richter applied
the method outlined above to calculate magnitudes for 21 previously
~ studied southern:California ear‘!‘hquakes; with magnitudes from 3;2 to
5.2, recorded at distances between 44 and 520 km. He found that data
from these earthquakes did not suggest any need to revise the logB vs A
curve but did show the need for Individual station corrections that
ranged from + .25 unit (Pasadena N-S) to - .40 unlt (Tinemeha E-W);
Richter caufion%qfl that the ngB vsA curve was only poorly established
for distances Ie:és +han 50 km; and below 25 km i+ was not established
at al I . E

An aﬁemp'l' I]Lo establ ish the curve for sn;al ler epicentral dlsfances

manipulaﬂon of ' +he magnitude concepf. They showed that

was described by Gufenberg and Richter (1942) in conjJunction with further
| oaB —M+2]og D = const  for A between 22 and 525 km

(assuming a focal depfh,ﬁ, of 18 km, with D—‘-\IA"*'W’. , where M is the
earthquake magnitude and where B' is the maximum trace amplitude of
shorf-per'lod waves on the s-rrong-mﬂon torsion selsmomefers at Pasadena).
Thus. B'D" tonst , and “this relationship can be used +o calculate

log Bo for /A less than 50 km If we assume a standard focai depth (I8 km
was chosen).. For an earthquake with a focal depth significantly different
from 18 km recorded at a smail epicentral distance, the megnitude computed
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on the basis of the extended ’ag B, curve could be grossly in error.
We might aiso protest that the method used to establlish the relationship
B’ D*x const Involved the usé of only one Instrument and a whole series
of 'éarrhquakes of Increasing magnitude and dtsfancev.‘ Thus, varlations ':_
in the relative eﬁéclfaﬂon of lang- vs shorf-per:lod 'waves;' variations |
In 1'he ra're of aﬁenuaﬂon with distance. of long- vs short-period
waves, efc., are lnexfricably involved In the relationship obtained,
which In turn Is used to ex'l'end the 109 Bo vs A curve to short
distances for use with very small ear‘l‘hquakes‘..
| Several ekfremely thorny problems arise when one attempts 1‘01 compute
magnitudes for microearthquakes recorded on moedern seismographic equipment
at short distances. These problems ‘Include: "

l." focal depth. cannot properly be ignored at short distances so
we need a relationship between amplitude and hypocentral (not epicentral)
distance for the zero magnitude earthquake.

2'.~ fhe response of the Wood-Anderson selsmograph Is Tmpl ch‘ly
included in Rlchfer's definition of magnitude. These Instruments are .
quite Inadequate for ‘I'he'sfudy of mléroear'rhqua'kes.. Moreover, their
sensitivity Is so much lower than most instruments used in microearth-
quake studies that I+ Is difficult to "cal lbrafe" the new sys#‘ems for
magnitude calculations by slmple overlap of observaﬂons.

3. the Wood-Anderson records, horizontal ground moﬂon; whereas
the most widely deployed microearthquake selsmographs are vertical
componenf lns'l'mnen'rs. )

4. uner feleselsms. for wh!ch quite speclflc wave 'types can be

identified (P, PP. S. efc'.) and used for asstgmn‘l‘ of mgnl'rudes, Iocal
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earthquakes generally cannot be'réltahl?‘resolvad'lnfo thelr component
waves. The waves whlch are largesf In any gliven range of distance
(Indeed *hose which can be ldenflfied a? all) vary frcm region to reglon
depending on the details of crustal sfruc*ure. In very general +erms,
the direct S-wave (through the upper crust) ls-usually largest from
0 to 100-200 km. Between 100 and 200 km (varyling with crustal
structure and focal depfh3 the S-wave reflection from the base of the
crust emerges with much larger (up fo'|6 times) the amplitude of the
direct S-wave. Beyond the point of emergence of SMS, this phase
diminishes rapldly; and within the next 100 km I+ has dropped into
" the background and waves with more compiex paths become the iargest
on the selsmogram. |

5. attenuation-of seismic waves within the crust vafles widely
from region to region, and assignment of magnitudes on the basis of
waves with pa?hslpredomtnan*ly within the crust will be strongly affected:
by such variations: the log Bo_ vs A' curve, in short, should vary )
from ragion to region.

Subroutine MAGNTD was wrl?fen *o assign magnitudes compatible
with the Rich#er!"local" magnitude to microearthquakes recorded on the
USGS portable seismograph cluster. The method employed to achieve this
~goal can be ou+l4ned as follows: _
. the expdnem' k '» of hypocentral distance in a law AD"-c,anst

¢ A= ground ampllfude correspond{ng to the maximum vertical component -

trace amplitude, | D = hypocentral distance) was evaluated on the basis

'

of about 100 earthquakes reoordeduén the portabie cluster in central
California at distances of 0 to 150 km and for focal depths of . 0 to
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4 km. 1t was found that k = !';7 fit the data (earthquake by earthquake)
quite closely and that k does nat appear to depend on focal depth nor
on m'agnlfude... . |
‘ 2'.' “the Iog Bo vs/ curve of Richter was converted to a !ogBo
vs logD plot (where D =W ) and llnes with siopes of l 5,
: l 7, and 2 0 weo"e drawn +hrough the plotted poln?s 1'0 test +he adequacy
of a r’eIaﬂonshlp of the form B,DX=const to express the zero
" magnitude ear‘l'hquake amplitude vs distance relaﬂonship. Beyond 200 km
Kk is grea'rerifhan 2. Between 50 and 150 km, a value k =1.5 fits
the data quite v!vell. For K = l‘.7,. the overall it from 30 km to
nearly 300 km is adequate: no point Iies more than 0‘.10 unit ( of l_gg.‘B,) .
off the curve. The pléﬁed points |le above the curve for D |
less than 40 im and " D between 80 and 250 km. Between 40 and 80 km
and beyond 250 km, they |ie below the K = |.7 curve. At distances
smaller than 30 or 40 km.. the B, values are too poorly established
to be considered serlously; ‘

It we divide B, by 2800 (I~.e'..,-_ by the static magnification of the
Wood-Anderson) to obtain Aa},‘ » the equation representing the ground
.ampIH'ude (in microns) of the zero magnitude earthquake can be written
A’A .D"7 = 0,7/ This relationship Is not Independent of the
WA response curve because fpr earth perlods greater than 0:8 sec; the
magnification of this instrument falls rapidly from Its static magnifi-
cation of 2800.

The difference.in response of the usGs portable systems from that
of the WA re§ulfs_ from several factors: (a) gross differénce in

sensiﬂvl‘l'y; (5)’r_es,frlc‘l’ed passband of fh§ po&#bl'e system electronics—
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ca 17 cps to 0.5 cps, (c) dl‘splaeetﬁenf "VelocH'y" response of the
EVI7 selsmometers In the por‘l'able sysTem vs dlsplacemen‘l' response of
the WA. As In the derivation of the equaﬂon in Aa/,‘ above, It is
" convenient to ignore the porﬂon of ‘I'he perlod-dependency In the EVI7
response that results from the ?endency of the suspended mass to "follow" -
the ground motion af.'ear'l'h periods that are longer than the free period
of the selsmometer (1.0 sec). Such a simplification in the reduction
of recorded ampllfude to ground amplitude in the case of the portable
_system introduces an error that is very nearly the same as that introduced .
in the derivation of Aa,\ , above. Consequently, the logarithm of the
maximum recorded g;;'ound motion, as calculated from the portable system
selsmogram,' minus the logarithm of Ao/.‘ for fhe, corresponding value of

D , should yield the safne mgnlfude' as would have been obtained from
a super-sensitive Wood-Anderson.

4. Since the WA measures the horizontal component of ground motion
and the EVI7 measures the vertical componen‘r; we must correct the compu‘red
. magnitudes for a systemmatic difference in maximum horizontal and vertical
recorded ampl H'udes.. A number of 'rh.e portable systems employed to
establish the value of k inciuded horizontal (EVi7-H) seismographs
~as well as verﬂcals». At those stations the ratios x"/P!_ and

Xn / X3 |were measured. for annumber of events. The first ratio varied
from less than 0.5 to about 8, with a median value of 2.5 (the
distribution was bimodal, with peaks at 1.2 and 3.3). The second )
ratio varied from 0.2 fo 8, with a median value of .75 (mode = 1.25).
As only abou1- 90 observations were used In this sfudy: further work Is
requlred Tentative correcﬂons are + .40 to megnlfudes based ‘on Py
‘and + : .zs to mgnl'l'udes based on X; . . Le
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An-analysis of the portable system response shows that record
amp| itude can be converted ta ground-motion amplitude by the

relationship
' -2
A= o3« (T x s/cw) « )0
for earth.periods shorter than about 1.0 sec, where
]
Apu = ground amplitude In microns
S . ma.x'lmum trace amplitude In mm (peak to trough).
C,o = trace amplitude in mm (peak to ‘I'rngh) resulting
from a /QuVtrms)signal introduced into the
selsmtc'a'mpllfier in lieu of the seismometer
' oufpu‘l'..
T = period (in seconds) of the wave with amplitude S.

The logarithm of A}‘ /ADM Is the magnitude of the earthquake.
~ Thus, '

Ma.g .-./ogA;.—-/ongﬂ - 163.(1.03 N SC-:_‘ Dl.'?) -I'g;

‘This relationship would apply to the calculation of magnitude using
the maximum amp! itude on the horizontal EVI7-H ‘rrace.. To shift to the
EVIT vertical trace the constant should be-cha_néed from -1.85 to -1.60 |
If the maximum vertical a@llfpde is used or 'l'o--li..45 {f the P-wave
amplitude is used. |

In subroutine MAGNTD provision is made for the use of bath P and
the max imum (-"'xr) on the vertical component for the computation of
upgn!;.l'udq; Thof magnitude .,equaﬂén Is written in the form:
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MAGP = log (Crgsrx S‘.:__.-) +PWRPxlog D'~ 2 PMAG

10

for P, and

MAGK = log (CNST L)+ PWRX x IoaD ZXMAG

for X. ,

. The parameters CNST, PWRP, ZPMAG, PWRX, and ZXMAG are read Into
the p'r_ogram at execution ﬂme‘. Thus; the exponerﬁ' of D and the
constants (composed of man;r fac'fors; lnclﬁdlhng Instruments senstﬂylfy,
e‘fc... ) can be adjusted as required by variations in Instrumentation
and region.

The constant (OJ!) In the equation Ao”nD 7 0'7/
is sensitive to the distance range over which we choose to fit the power
law most c!é;ely to the zero magnitude reference data. Because magnitude
is "defined" at A =/00Kkwm , It Is tempting to draw the power-law -
" curve through the log B, point at ‘A= 100 km . For the '
microearthquakes recorded by the porfablé sy_sfem',‘ most observations are
at distances smaller than 100 lcn;--averfag ing 30 km or so: Thus; the
curve resulting In the constant 0.71 was drawn to match the B, vs
D deta in the range of 30 to 100 im.
In view of the difference in attenuation from reglon to reglon,

i+ seems that 100 km Is unfortunatel y large for a magnitude-reference
distance if we truly wish an earthquake's magnitude to be simply
related to the energy radfated from the focus. Use of a smaller
reference distance would require a Mgher preclslon ln depﬂ!

do*l’emlnaﬂon that Is generauy attainable at presom', hovevar.
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‘Statistical ‘Calculations

' Sfaﬂsﬂcat Calculaﬂons-'for"I'ndl'vldual 'Earthuakes-

To characferlze the quality and reliablllfy of individual -
hypocenfral solufions, a vartefy of residuals and statistical

parameters are ca~lcula1'ed. These lnclude:
J

F £ h’T:;,--& = the arrival time residual at station t
AAF=> |F:]| /IV. = the mean deviation
{

(=

AVR Z F / N = the average residual

’- la.
SDP“ = the standard deviation of the arrivaletime
N-MM l

residuals
A\
SDX:.SDP%(A ,.) = standard error in longitude (km)
-1 \o '
SDY =SDP5(A,.3. = standard error in latitude Ckm)
-l ,/2. N
SDZ=SDPx(A 33) = standard error in depth (km)
SDT;SDP‘(A";,')"}.:- standard error in origin time (sec)
N = number of observations (with combined weigh"rs
~greater than 0.1).
MM = number of hypocentral parameters adjusted.
A‘f'/ dc.,; appropriate elements on thé principal diagonal
of the Inverse matrix of coefficients of the
unknowns .
(RSPMG)' = station | P-mag=-average P-mag
(RSXMG)' - smton i X-mag--avorage x-mag
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Statistical Summary Calculafldﬁé'for a Batch of Earthquakes

T L B o o e o o

A number of counters and sum registers and a variety of tests
have been included in the main program to permit the calculation of
average residual, standard deviation of the res1dual; and standard
error of the mean residual for the residuals of arrival +ime, P-
magntfude; and X-magnitude at each station for which an adequate numberf
of opservaflons are avalfable in a batch of earthuakes:

For station | (arrivale«time~residual sfaftsf!cs): '
L
I,AVKESL. = Zi;(':")a' /L

g L -
<Q4 x%;?ﬁzt )'-(225??%
L (h=1)

27 Ve
SDRES; :[ )

SEM; = SDRES, /L,

The equations: for P-magnitude and X-magnitude are analpgous:

For Inclusl?n in the statistical summary; an earthuaké must be
recorded by af‘lgasf KTTA s?afions; have an AAF less than TAAF, and
have been locafeé with fewer than 1IT i*era*ions; For.an individual
observation fo b% included in the summary it must not be targer than
TFR (for an arrlyal-time residual) or AMTST (for a magnitude residual)
and must have a combined weight (of the P-phase) of at least TWT (for
an arrival=time *esldual); | |

KTTA, TAAF,' 1IT, TFR, AMTST, and TWT are parameters read in at

execut ion time,
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These data can bg used to correcf far obvious persistent station
anomal fes, For the arrival-time residual this correction can be made
by add{nb *hé average réstdﬁél for 5 ;+$fioﬁ to the "statton delay"
on the station parameter Ils?:

Provision has also been made to Include a station and Its data in
a batch of earthquakes In such a manner that [t [s not used in the
adJustment of the hypocenter but is treated normaily in other respécfs;
lncludlng the calculation of summary statistical parameférs; Stations -
listed In the "KOMIT" Iist on the parameter card extension DX2 are

?reafed Tn this manner.

Restrictions and Term!nafion‘Condtf!ons Apg}jg?’!n'fhe’AdJuéfmenf of ..
Hypocen+ral Paramefers in HYPOLAYR 4

I Oepth I not adjusted:

a. on the first iteratio<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>